Introduction
Age-related macular degeneration (AMD) is the most prevalent cause of moderate and severe vision loss in individuals older than 60 in developed countries (1) . It is a neurodegenerative disease in which there is accumulation of extracellular material beneath retinal pigmented epithelial (RPE) cells followed by gradual death of photoreceptors and RPE cells. The extracellular material occurs diffusely resulting in thickening of Bruch's membrane, which separates the RPE and choroid, and focally as mounds called drusen that irregularly elevate RPE cells and photoreceptors and appear as yellow or white spots mostly in the macula but sometimes extending into mid-peripheral retina. There is gradual death of photoreceptors in the macula, with rod photoreceptor cell death greater than that of cone photoreceptors in the early stages (2) . A subgroup of AMD patients show dramatic signs of cell death manifested by visible patches that appear lighter than surrounding retina where there is regional loss of photoreceptors, RPE cells, and choriocapillaris, a process referred to as geographic atrophy (GA; for review see ref.
3). It usually starts as a single or multiple atrophic patches in an extrafoveal location that gradually enlarge and when multiple, often coalesce to form a partial ring that over time extends into the fovea causing reduction in visual acuity.
Another subgroup of AMD patients that overlaps with the GA subgroup develops choroidal neovascularization (NV), and is classified as having neovascular AMD (NVAMD). Type 1 choroidal NV grows from the choroid through Bruch's membrane under the RPE. Type 2 choroidal NV grows from the choroid through Bruch's membrane and the RPE into the subretinal space. Type 3 choroidal NV, also called retinal angiomatous proliferation (RAP), grows in the opposite direction from the deep capillary bed of retinal vessels, through the outer nuclear layer (ONL) that contains the cell bodies of the photoreceptors into the subretinal space (4) . Choroidal NV leaks fluid into and under the retina causing reduced vision that is initially reversible, but if left untreated the NV tends to grow and recruit RPE, glia, and fibroblasts resulting in a fibrovascular scar that damages photoreceptors resulting in severe, irreversible loss of central vision.
Vascular endothelial growth factor (VEGF) is an important stimulus in mouse and primate models of type 2 choroidal NV (5, 6) and increased expression of VEGF in photoreceptors results in type 3 choroidal Intraocular injections of VEGF-neutralizing proteins provide tremendous benefits in patients with choroidal neovascularization (NV) due to age-related macular degeneration (AMD), but during treatment some patients develop retinal atrophy. Suggesting that VEGF is a survival factor for retinal neurons, a clinical trial group attributed retinal atrophy to VEGF suppression and cautioned against frequent anti-VEGF injections. This recommendation may contribute to poor outcomes in clinical practice from insufficient treatment. Patients with type 3 choroidal NV have particularly high risk of retinal atrophy, an unexplained observation. Herein we show in mouse models that VEGF signaling does not contribute to photoreceptor survival and functioning: (a) neutralization of VEGFR2 strongly suppresses choroidal NV without compromising photoreceptor function or survival; (b) VEGF does not slow loss of photoreceptor function or death in mice with inherited retinal degeneration, and there is no exacerbation by VEGF suppression; and (c) mice with type 3 choroidal NV develop retinal atrophy due to oxidative damage with no contribution from VEGF suppression. Intraocular injections of VEGF-neutralizing proteins, a highly effective treatment in patients with neovascular AMD, should not be withheld or reduced due to concern that they may contribute to long-term visual loss from retinal atrophy. NV (7) . Intraocular injection of VEGF-neutralizing proteins reduces leakage from choroidal NV and markedly improves visual acuity, but as intraocular levels drop, leakage usually returns necessitating repeated injections (8, 9) . In initial clinical trials, visual benefits were maintained during 2 years of monthly injections of ranibizumab, but during an extension study in which injections could be given as infrequently as every 3 months, all visual gains were lost (10) . Despite the outstanding benefit from VEGF suppression and evidence that reducing the frequency of injections too much was harmful, there was concern that suppression of VEGF in the retina was dangerous, because a study in mice suggested that systemic injection of an adenoviral vector expressing soluble VEGFR1 caused photoreceptor degeneration (11) . Also, conditional knockout of VEGF in RPE cells results in rapid loss of choriocapillaris and retinal degeneration (12) . In contrast, transgenic mice in which the rhodopsin promoter was used to express high levels of a potent VEGF-neutralizing protein in the retina for up to 7 months, showed no effects on the choriocapillaris and no loss of photoreceptor cell function nor photoreceptor cell death (13) . Also, sustained suppression of VEGFR signaling by repeated administration of a VEGFR tyrosine kinase inhibitor caused no reduction in photoreceptor function or survival (14) . Despite the conflicting evidence in the literature, clinicians seemed to be concerned about toxicity as well as cost and sought ways to reduce the frequency of injections. One approach was to have patients return at monthly intervals, but only inject a VEGF-neutralizing protein when optical coherence tomography (OCT) demonstrated intraretinal or subretinal fluid in the macula. This treatment regimen was named pro re nata (PRN). A large multicenter clinical trial, the Comparison of Age-related Macular Degeneration Treatments Trials (CATT), compared 4 treatment arms in patients with NVAMD, monthly ranibizumab, monthly bevacizumab, PRN ranibizumab, and PRN bevacizumab. After 2 years, there was no difference between ranibizumab and bevacizumab when the dosing regimen was the same, but visual outcomes were significantly better in subjects treated with monthly injections of either agent compared with PRN injections of the same agent (15) . It was also noted that many patients had new onset of depigmented spots in the macula identified by fundus photography and fluorescein angiography and the percentage of subjects in which they occurred was greater in the monthly injection groups than the PRN groups. The authors referred to these spots as GA, which implies photoreceptor and RPE cell death in the region of the depigmented spots, but no evidence of loss of these cells was provided. The authors concluded, "The development of geographic atrophy was higher in both monthly treated groups than in the as-needed groups. This may be important to consider when weighing the risks and benefits of monthly versus as-needed treatment and in the selection of drug." Usually when there is a difference in visual outcome among treatment groups, it is recommended that the regimen providing the best outcome be used in clinical practice, but in this unprecedented move, the CATT research group seemed to be recommending against monthly injections because of a higher risk of GA even though visual outcomes were better in the monthly injection groups than in the PRN groups. In a follow-up study, it was found that 1 of 5 patients enrolled in CATT developed hypopigmented spots labeled as GA during the 2 year treatment period and increased risk of their development was associated with poor visual acuity at baseline, type 3 choroidal NV, foveal intraretinal fluid, monthly dosing, and treatment with ranibizumab (16) . The CATT study group stated, "Because VEGF plays an important role in the normal function of the retina and the maintenance of the choriocapillaris by the RPE, therapies that block VEGF could have an effect on the development and progression of GA," indicating that despite conflicting evidence as to whether VEGF is a survival factor for photoreceptors, they considered the issue settled. They concluded, "These findings have important clinical implications and should be included in discussions with patients regarding the benefits and risks of the choice of treatment type and regimen. Although monthly injections may result in slightly better visual outcomes at 2 years, the increased risk of GA development may offset this benefit long term."
Thus, the hypothesis that VEGF is a survival factor for photoreceptors, on which the recommendation against frequent anti-VEGF injections was based, is of major clinical importance. There are several proteins that have been demonstrated to promote photoreceptor survival including fibroblast growth factor 2 (FGF2), ciliary neurotrophic factor (CNTF), glial cell line-derived neurotrophic factor (GDNF), and most recently rod-derived cone viability factor (rdCVF). The following types of evidence have led to these conclusions. (a) Blockade of the receptor for the protein on photoreceptors causes loss of function and/or death. This was demonstrated for FGF2 (17) . (b) Injection of the protein into the vitreous or increasing expression of the protein in the eyes of mice or rats with retinal degeneration slows the rate of photoreceptor loss of function and death. This has been demonstrated for FGF2, CNTF, GDNF, and rdCVF (18) (19) (20) (21) (22) (23) (24) . In this study, we sought to use these previously established criteria to determine if VEGF is a survival factor for photoreceptors.
Results
Inhibition of VEGFR2 suppresses choroidal NV without photoreceptor damage. It has been hypothesized that activation of VEGFR2 on photoreceptors promotes photoreceptor survival and that neutralization of VEGF or VEGFR2 may damage photoreceptors by reducing VEGFR2-derived survival signals (11) . To test this hypothesis, 3 intraocular injections a week apart of 40 μg of an antibody directed against human VEGFR2 that cross-reacts with rat VEGFR2 was given in one eye and 40 μg of control IgG was injected in the fellow eye of Brown Norway rats. One week after the third injection of anti-VEGFR2, fundus photographs and OCT scans were unchanged from baseline and appeared normal ( Figure 1A ). In particular, postinjection fundus photographs showed no hypo-or hyperpigmented spots typical of retinal atrophy or photoreceptor degeneration and OCT scans showed no thinning of the retina characteristic of retinal atrophy. Electroretinograms (ERGs) at the same time point showed no significant differences between IgG-injected and anti-VEGFR2-injected eyes in mean scotopic a-wave amplitudes ( Figure 1B ), indicating no difference in rod photoreceptor function; mean scotopic b-wave amplitudes ( Figure 1C ), indicating no difference in secondorder neurons in the rod pathway; or photopic b-wave amplitudes ( Figure 1D ), indicating no difference in cone photoreceptor function. Rats were then euthanized and ONL thickness was measured at 6 locations along the vertical meridian through the optic nerve. There was no significant difference in mean ONL thickness at each of the 6 locations ( Figure 1E ), indicating that suppression of VEGFR2 for 4 weeks did not cause any photoreceptor cell death. Another cohort of Brown Norway rats had laser-induced rupture of Bruch's membrane at 4 locations in each eye followed by intravitreous injection of 20 μg of anti-VEG-FR2 in one eye and 20 μg of control IgG in the fellow eye, or 40 μg of aflibercept in one eye and PBS in the fellow eye. Two weeks after injection there were small areas of choroidal NV at Bruch's membrane rupture sites in eyes injected with anti-VEGFR2 and large areas of choroidal NV in eyes injected with IgG or PBS ( Figure 1F ). The mean area of choroidal NV was significantly reduced in eyes injected with anti-VEGFR2 compared with fellow eyes injected with IgG, and significantly less in eyes injected with aflibercept compared with fellow eyes injected with PBS ( Figure 1G ).
Effect of VEGF or VEGFR2 suppression on photoreceptor function or survival in mice with inherited retinal degeneration. While the above indicates that suppression of VEGFR2 does not reduce photoreceptor function or survival in normal retina, it does not rule out a role for VEGFR signaling in the survival of photoreceptors that are under stress. Rd10 mice have a loss-of-function mutation in Pde6b (cGMP phosphodiesterase 6B, rod receptor, β polypeptide) that causes rod photoreceptor cell death with most eliminated by P35 (25, 26) . Mutations in Pde6b also cause retinitis pigmentosa in humans (27) . Intravitreous injection of agents that promote survival of photoreceptors delay cell death in models of inherited retinal degeneration (18, 19) . To determine if high levels of VEGF provide any photoreceptor protection in rd10 mice, they were given intravitreous injections of 100 ng of recombinant VEGF (VEGF 165 ) in one eye and PBS in the fellow eye at P14, P21, and P28. At P35, there were no significant differences in mean scotopic a-wave (Figure 2A ) or b-wave amplitude ( Figure 2B ), or mean photopic b-wave amplitude ( Figure 2C ), indicating that high levels of VEGF do not protect against loss of photoreceptor function in rd10 mice. A related question is whether suppression of VEGFR signaling would hasten loss of photoreceptor function in rd10 mice. Rd10 mice were given subcutaneous injections of 5 μg of SU4312, a VEGFR tyrosine kinase inhibitor, every 5 days starting at P14. This dosing regimen was selected because it was previously demonstrated to strongly suppress ocular NV (14) . At P35, there were no significant differences in mean scotopic a-wave ( Figure 2D ) or b-wave amplitude ( Figure 2E ), or mean photopic b-wave amplitude ( Figure 2F ), indicating that suppression of VEGF signaling does not exacerbate loss of photoreceptor function in rd10 mice. Rhodopsin kinase (GRK1) plays an important role in phototransduction and its level in the retina provides an assessment of rod photoreceptor cell survival and function. Rd10 mice were given intravitreous injections of 100 ng of recombinant VEGF 165 in one eye and vehicle in the fellow eye at P14, P21, and P28, or they were given subcutaneous injections of 5 μg of SU4312, a VEGFR tyrosine kinase inhibitor, every 5 days starting at P14. At P35, GSK1 immunoblots of retinal homogenates showed similar levels of GSK1 in retinas of rd10 mice that had been treated with high levels of VEGF, vehicle, or a VEGFR tyrosine kinase inhibitor ( Figure 2G ). Densitometry confirmed that treatment of rd10 mice with high levels of VEGF or suppression of VEGF signaling had no effect on rod survival or function ( Figure 2H ).
Type 3 choroidal NV causes oxidative damage and photoreceptor cell death. Type 3 choroidal NV was found to be a risk factor for the development of GA in the CATT study (16) . This observation sheds doubt on the hypothesis that suppression of VEGF is the cause of retinal atrophy in patients with NVAMD, because why would a particular type of choroidal NV be more susceptible to VEGF-induced damage? It is worthwhile to Figure 1 . Inhibition of VEGFR2 suppresses choroidal neovascularization (NV) without photoreceptor damage. Brown Norway rats had fundus photography (A, top left) and optical coherence tomography (A, bottom left) through the posterior pole at baseline and then were given 3 intravitreous injections a week apart of 40 μg of a neutralizing antibody directed against VEGFR2 in one eye and control IgG in the fellow eye. One week after the third injection, repeat fundus photography (A, top right) and optical coherence tomography (A, bottom right) showed no change in appearance or thickness of the retina. Electroretinography showed that compared with control IgG-injected eyes, those injected with anti-VEGFR2 had no significant differences in mean scotopic a-wave amplitudes (B), mean scotopic b-wave amplitudes (C), or mean photopic b-wave amplitudes (D) at any of several flash intensities tested. Rats were euthanized and outer nuclear layer (ONL) thickness was measured at 6 locations in the 12:00 to 6:00 meridian passing through the optic nerve. There were no significant differences in mean ONL thickness at any of the 6 locations in anti-VEGFR2-injected eyes versus those injected with control IgG (E). Brown Norway rats had laser-induced rupture of Bruch's membrane at 4 locations in one eye followed by an intraocular injection of 20 μg anti-VEGFR2 (n = 8), 20 μg of control IgG (n = 8), 40 μg of aflibercept (anti-VEGF, n = 6), or PBS (n = 6). After 14 days, rats were euthanized and choroidal flat-mounts were stained with FITC-labeled Griffonia simplicifolia agglutinin lectin. Representative images show small areas of choroidal NV in eyes that had been injected with anti-VEGFR2 or aflibercept (anti-VEGF) and large areas of choroidal NV in eyes that had been injected with control IgG or PBS (F). Image analysis showed that compared with eyes injected with control IgG, those injected with anti-VEGFR2 had a significant reduction in the mean (±SEM) area of choroidal NV, and compared with eyes injected with PBS, those injected with aflibercept (anti-VEGF) had a significant reduction in the mean (±SEM) area of choroidal NV (G). *P < 0.05, **P < 0.0001 by ANOVA with Bonferroni's correction for multiple comparisons.
consider other potential reasons why type 3 choroidal NV is more prone to retinal atrophy. Measurements of tissue oxygen levels in the retina using oxygen electrodes showed high levels in the choroid that drop precipitously at the level of photoreceptor inner segments that are packed with mitochondria, and then remain low throughout the ONL (28, 29) . However, type 3 choroidal NV grows through the ONL and provides an additional source of oxygen that would be highest in photoreceptors adjacent to new vessels. High levels of oxygen promote oxidative damage and therefore we hypothesized that increased incidence of photoreceptor cell damage and retinal atrophy in retinas with type 3 choroidal NV is not due to greater susceptibility to VEGF suppression, but rather oxidative damage. To test this hypothesis, we used a mouse model of type 3 choroidal NV, rho/VEGF transgenic mice, in which the rhodopsin promoter drives expression of VEGF in photoreceptors, causing type 3 choroidal NV that originates from the deep capillary bed and grows into the subretinal space (7, 30) . The retinas of rho/VEGF transgenic mice were stained for 4-hydroxynonenal (HNE), a major aldehydic product of lipid peroxidation (31, 32) that has proven to be a useful biomarker of oxidative damage to lipids in several disease processes including retinal disease (33) . Compared with wildtype mice, there was increased staining for HNE in rho/VEGF mice at P21 that was located along the outer border of the ONL ( Figure 3A) where new vessels stained with Griffonia simplicifolia agglutinin (GSA) lectin were also seen. The HNE staining increased at P28 and P56 particularly along the outer border of the ONL Figure 2 . Effect of VEGF or VEGFR blockade on photoreceptor function and survival in rd10 mice with inherited retinal degeneration. Rd10 mice were given an intravitreous injection of 100 ng of VEGF (n = 6) or PBS (n = 6) on P14, P21, and P28 or they were given subcutaneous injections of 5 μg of the VEGFR tyrosine kinase inhibitor SU4312 (n = 6) or vehicle (n = 6) every 5 days starting at P14. At P35, electroretinography showed that compared with eyes injected with vehicle control, those injected with VEGF had no significant differences in mean (±SEM) scotopic a-wave amplitudes (A), mean (±SEM) scotopic b-wave amplitudes (B), or mean (±SEM) photopic b-wave amplitudes (C). Compared with mice given subcutaneous vehicle injections, those given injections of SU4312 had no significant differences in mean (±SEM) scotopic a-wave amplitudes (D), mean (±SEM) scotopic b-wave amplitudes (E), or mean (±SEM) photopic b-wave amplitudes (F). At P35, mice were euthanized and retinal homogenates were immunoblotted for rhodopsin kinase (GRK1) and actin. The bands for GRK1 from vehicle-injected control eyes, VEGF-injected eyes, and eyes from mice treated with SU4312 appeared very similar (G). The mean (±SEM) ratio of GRK1/actin densitometry readings were not significantly different between VEGF (n = 3) or SU4312 (n = 3) and vehicle controls (n = 3) by ANOVA with Bonferroni's correction for multiple comparisons (H).
and was associated with new vessels in the subretinal space, but there was also some staining in the inner nuclear layer. N-acetylcysteine (NAC) is a potent antioxidant that is bioavailable to the retina after addition to the drinking water. Addition of 7 mg/ml of NAC to drinking water has been shown to markedly reduce oxidative damage in photoreceptors (34) , and this same dose in rho/VEGF mice caused a marked reduction of HNE staining in the retina at P21, P28, and P56 ( Figure 3A ). Peroxynitrite has a strong affinity for tyrosine residues, resulting in 3-nitrotyrosine residues, a specific marker for peroxynitrite-induced nitrosative damage (35) . Unlike wild-type mice at P21, P28, and P56, the retinas of rho/VEGF mice showed intense staining for 3-nitrotyrosine predominantly along the outer border of the ONL, but also in the inner retina at P28 and P56, and the staining was markedly reduced by treatment with NAC ( Figure 3B ). Retinal flat mounts of P56 wild-type or rho/VEGF mice stained with peanut agglutinin to visualize cone matrix sheaths and GSA lectin to visualize NV showed a regular cone mosaic in wild-type mice ( Figure 3C ) but there was disruption of the mosaic with dropout of cones in regions of NV in rho/VEGF mice ( Figure 3C ). The -COOH groups of proteins are particularly vulnerable to free radical attack resulting in carbonyl adducts and a single protein can have multiple adducts increasing the likelihood of dysfunction, aggregation, and complete loss of function (36) . Carbonyl adducts are specific for oxidative damage and their measurement provides a quantitative assessment of the amount of oxidative damage in a particular tissue (37) . Measurement of the carbonyl content on proteins in retinal homogenates by ELISA showed that compared with retinas from untreated P56 rho/VEGF mice, those treated with 7 mg/ml NAC in drinking water between P21 and P56 showed significantly less carbonyl content on retinal proteins ( Figure 3D ). Measurement of ONL thickness at 6 locations along the vertical meridian, an assessment of rod photoreceptor number, showed a significant reduction in thickness at 4 locations in rho/VEGF mice compared with wild-type mice that was restored to normal in NAC-treated rho/VEGF mice ( Figure 3E ). Immunoblots for GRK1 of retinal homogenates from P56 rho/VEGF mice showed that treatment with NAC between P21 and P56 resulted in a significant increase in the GSK1/actin ratio ( Figure 3F ). These data indicate that there is substantial rod and cone cell death due to oxidative damage in rho/VEGF transgenic mice that is prevented by NAC.
Rho/VEGF transgenic mice with type 3 choroidal NV develop a GA phenotype that is prevented by NAC. Fundus photographs of P35 rho/VEGF mice showed numerous hypopigmented spots similar in appearance to those seen on fundus photographs of patients with AMD and GA ( Figure 4A ). Treatment of rho/VEGF mice with 7 mg/ml NAC in drinking water between P21 and P35 reduced the appearance of hypopigmented spots in the retina ( Figure 4B) . Measurement of the area of hypopigmented, atrophic spots per total retinal area by a masked investigator showed that P35 NAC-treated rho/VEGF mice had a significant reduction compared with untreated P35 rho/VEGF mice ( Figure 4C) .
Suppression of VEGF does not increase retinal atrophy in mice with type 3 choroidal NV. Rho/VEGF mice were given intravitreous injections of 40 μg of aflibercept or vehicle at P14, P21, and P28 and at P35, and fundus photographs of 2 representative eyes per group appeared to show fewer atrophic spots in the afliberceptinjected eyes compared with control eyes ( Figure 5A ). However, image analysis by an investigator masked with respect to treatment group showed a trend toward reduced area of hypopigmented, atrophic spots per total retinal area in aflibercept-injected compared with control eyes, but the difference was not statistically significant ( Figure 5D ). It is clear, however, that suppression of VEGF did not cause worsening of retinal atrophy. Mice were euthanized and frozen ocular sections were stained with GSA lectin, which stains vascular cells, and counterstained with DAPI to show cell nuclei. Representative retinal sections showed less NV in the subretinal space than that seen in subretinal space of aflibercept-injected eyes compared with controls ( Figure 5 , A-C), and while the NV in close proximity to photoreceptor cells bodies was reduced (arrows), it was not eliminated, which is consistent with occurrence of retinal atrophy in aflibercept-injected eyes. The area of subretinal NV was measured on 5 sections, 100 μm apart on each side of the optic nerve by a masked investigator and the mean area of subretinal NV per 10 sections was significantly less in aflibercept-injected eyes compared with controls ( Figure 5E ).
Discussion
VEGF is a survival factor for endothelial cells in newly formed vessels, but endothelial cells of mature vessels receive other survival signals that originate from extracellular matrix (ECM) and surrounding cells (38) . Thus, most mature blood vessels are not compromised by VEGF suppression, but fenestrated capillaries are more susceptible (39) . The susceptibility of fenestrated capillaries differs among vascular beds and while the choriocapillaris is fenestrated, it is not adversely affected by systemic suppression of VEGF Figure 3 . Type 3 choroidal neovascularization (NV) causes photoreceptor cell death from oxidative damage. Rho/VEGF mice with type 3 choroidal NV were given normal drinking water or drinking water containing 7 mg/ml N-acetylcysteine (NAC) and compared with wild-type mice. At postnatal day 21 (P21), P28, and P56, mice from each of these 3 groups were euthanized and frozen ocular sections were immunohistochemically stained for 4-hydroxynonenal (HNE, A) or 3-nitrotyrosine (3-NT, B) and vascular cells were stained with FITC-labeled Griffonia simplicifolia agglutinin (GSA) lectin. Nuclei were stained with Hoechst. (A) At P21, untreated rho/VEGF mice (control) showed HNE (red, arrows) along the outer border of the outer nuclear layer (ONL) and in the subretinal space adjacent to GSA-stained NV (green, asterisks), which was increased at P28 and P56 when there was also staining within the ONL and inner nuclear layer (INL). In NAC-treated rho/VEGF mice there was minimal HNE at each of the time points but NV (green, asterisks) was seen within the ONL and subretinal space. At P28, some mild staining for HNE was seen adjacent to and within NV in the subretinal space. There was no HNE or NV seen in wild-type mice. (B) Control rho/VEGF mice also showed 3-NT along the outer border of the ONL (red, arrows) adjacent to NV (green, asterisks) at all 3 time points with some staining in the INL at the later time points, whereas there was little 3-NT in NAC-treated rho/VEGF mice, and none in wild-type mice. (C) Retinal flat mounts stained with peanut agglutinin (red) and GSA (green) showed evenly spaced cone matrix sheaths and no NV in P56 wild-type mice (left panel), whereas P56 rho/VEGF mice (right panel) showed dropout of cone matrix sheaths adjacent to NV (arrows). (D) ELISA of retinal homogenates showed a significant reduction in mean (±SEM) protein carbonyl content in NAC-treated rho/VEGF mice compared with control rho/VEGF mice (n = 6 for each group). **P < 0.01 by unpaired t test. (E) Hematoxylin-stained retinal sections from the same location in the retina (I3) show an ONL with irregular borders in untreated (control) and NAC-treated P56 rho/VEGF mice (NAC), but the ONL appeared thicker in NAC-treated mice and more comparable to the ONL in P56 wild-type mice. Image analysis by an investigator masked with regard to treatment group showed that mean (±SEM) ONL thickness was significantly reduced in control versus NAC-treated rho/VEGF mice at 4 of 6 measurement locations in the vertical meridian (n = 6 for each group). *P < 0.05, **P < 0.01 by unpaired t test. For context, mean (±SEM) ONL thickness at the same 6 locations is shown for P56 wild-type mice (n = 6). (F) A representative immunoblot for rhodopsin kinase (GRK1) shows a stronger signal in a retinal homogenate from a P56 NAC-treated rho/VEGF mouse compared with an untreated P56 rho/VEGF mouse (control). Densitometry showed that the mean (±SEM) GRK1/actin ratio was significantly greater in NAC-treated mice (n = 4). *P < 0.05 by unpaired t test.
in oncology patients, while some of the fenestrated capillaries of the thyroid and trachea undergo reversible regression (40) . However, conditional knockout of VEGF in the RPE causes rapid regression of the choriocapillaris and overlying retina, indicating dependence of choriocapillaris on paracrine VEGF from RPE (12) , but it appears unlikely that the paracrine delivery of VEGF between RPE and choriocapillaris can be disrupted by biologics or drugs that suppress VEGF, because high-level retinal expression of a potent VEGF-neutralizing protein for up to 7 months had no effect on the choriocapillaris or the retina (13) .
Endothelial cells of choroidal NV in patients with NVAMD are fenestrated but they lose dependence on VEGF for survival relatively soon after formation, because intraocular injections of a VEGF-neutralizing protein reduced leakage from the choroidal NV and improved vision, but the mean area of choroidal NV measured on fluorescein angiograms was not reduced over the course of 2 years (8). This explains the need for repeated injections of a VEGF-neutralizing protein in patients with NVAMD, because they do not eliminate choroidal NV and as intraocular levels of the antagonist decline, levels of VEGF increase and stimulate the choroidal NV to resume leakage, growth, recruitment of other cells, and deposition of ECM. If retreatment is delayed, recruitment of cells and deposition of ECM around choroidal NV promotes scarring, damage to photoreceptors, and permanent loss of vision. Whether brief periods of VEGF elevation between periods of VEGF suppression are harmful is uncertain, but the demonstration that compared with PRN injections of a VEGF-neutralizing protein, which allow frequent albeit brief recurrences, monthly injections provide superior visual outcomes over the span of 2 years (15), suggests that they may.
While the benefits of VEGF suppression are impressive and undisputed in the treatment of retinal and choroidal vascular diseases (41) , there is still considerable debate regarding the risks, because it has been hypothesized that VEGF promotes survival of retinal photoreceptors as well as retinal vascular endothelial cells (11) . The current study was designed to test that hypothesis and the data suggest that VEGF does not promote functioning or survival of photoreceptors. The specific findings that support this conclusion are the following. (a) Intraocular injection of an antibody that blocks VEGFR2 strongly suppressed choroidal NV at Bruch's membrane rupture sites in rats, but caused no significant reduction in photoreceptor ERG function or evidence of photoreceptor cell death. (b) Intraocular injections of VEGF did not slow the loss of photoreceptor ERG function or photoreceptor cell death in rd10 mice with inherited retinal degeneration, as has been demonstrated for other proteins that provide neurotrophic support for photoreceptors (18, 19) . (c) Blockade of VEGFR signaling did not accelerate loss of photoreceptor ERG function or photoreceptor cell death in rd10 mice with inherited retinal degeneration. These data suggest that suppression of VEGF is not likely to contribute to retinal atrophy in patients with NVAMD. This is also suggested by the clinical observations that retinal atrophy only occurs in patients with NVAMD treated with anti-VEGF agents and not in patients with diabetic macular edema or macular edema due to retinal vein occlusion treated with equivalent VEGF suppression. A preclinical study suggesting that VEGF suppression causes retinal degeneration in diabetic mice (42) is inconsistent with findings in clinical trials (43) . In fact, it has been shown that monthly injections of ranibizumab reverse diabetic retinopathy and the safety profile is so good that the FDA modified the label for ranibizumab to include patients with completely normal vision who have background diabetic retinopathy. 4) show less neovascularization (NV) in the subretinal space and in close proximity to the outer nuclear layer (arrows) in aflibercept-treated eyes more easily seen in high-magnification images of control (B) and aflibercepttreated (C) eyes. Image analysis with investigator masked with respect to treatment group showed no statistically significant difference (P = 0.0933 by Mann-Whitney U test) in mean (±SEM) ratio of atrophic area/retinal area in aflibercept-treated rho/VEGF mice compared with control rho/VEGF mice (D), but the aflibercept-treated mice had significantly less subretinal NV (E). *P < 0.01 by Mann-Whitney U test. ns, not significant.
Among patients with NVAMD treated with anti-VEGF agents, retinal atrophy is more common in patients with type 3 choroidal NV compared with those with type 1 or 2 choroidal NV. In type 3 choroidal NV, new vessels pass through the ONL and are in close association with photoreceptor cell bodies as well as inner and outer segments, whereas type 1 choroidal NV remains beneath the RPE, remote from photoreceptors, and type 2 choroidal NV is in the subretinal space in close association with photoreceptor outer segments but not other parts of the cell. We hypothesized that the close association of type 3 choroidal NV with photoreceptors is a source of oxidative damage and this hypothesis was found to be correct, because mice with type 3 choroidal NV showed progressive oxidative damage to photoreceptors, photoreceptor cell death, and hypopigmented spots typical of retinal atrophy and all of these were significantly reduced by treatment with the potent antioxidant NAC. VEGF suppression did not worsen the retinal atrophy in mice with type 3 choroidal NV. Thus, retinal atrophy in the setting of type 3 choroidal NV occurs due to oxidative damage and is not worsened by VEGF suppression.
If VEGF does not provide trophic support to photoreceptors, what is the function of VEGFR2 on retinal neurons? Genetic deletion of VEGFR2 in neurons caused abnormal vessel growth toward retinal neurons resulting in abnormal vessel density around neurons (44) . The misdirected vessel growth was due to increased levels of VEGF around retinal neurons, because lack of VEGFR2 on neurons reduced VEGF internalization and degradation. Thus, VEGFR2 on neurons provides reverse VEGF gradients that reduce growth of vessels around neurons. Mice deficient in VEGFR2 had normal development and survival of all retinal neurons and adults showed normal morphology and function, indicating that VEGFR2 is not required for normal survival and functioning of retinal neurons.
These data have important clinical implications because concern that VEGF suppression is damaging to retinal neurons and a potential cause of retinal atrophy in patients with NVAMD treated with anti-VEGF injections has led to recommendations to avoid frequent injections (15, 16) . At the 2-year endpoint of the CATT trial, subjects in all 4 of the anti-VEGF treatment arms showed large mean improvements in visual acuity from baseline. During the next 3 years, patients received fewer mean number of injections as part of standard care and for the population as a whole, all of the visual gains achieved during the first 2 years were lost (45) . While there are a number of possible causes for this loss of vision, it appears that insufficient treatment may have contributed because (a) the goal of treatment is to eliminate fluid within or under the macula, but fluid was present in 83% of 555 eyes in which spectral domain OCT was obtained, a very large percentage; (b) intraretinal fluid is particularly problematic because it is a risk factor for poor outcome and more eyes had intraretinal fluid at 5 years than at 2 years (61% versus 50%); and (c) VEGF suppression prevents growth of choroidal NV, but in 467 eyes in which fluorescein angiography was done at 5 years, total lesion area was 4.8 mm 2 larger than at 2 years, an increase of more than 50%, indicating that there had been poor VEGF suppression. In contrast, in a study in which 171 patients with NVAMD received frequent injections for 5 years (average of 10.4 per year for 5 years), the mean improvement from baseline at 5 years was 14.1 letters (46) . While caution should be used when comparing outcomes in different studies because of possible differences in study populations, a gain of 14.1 letters at 5 years versus a loss of 3.3 letters from baseline at 5 years in CATT is such an enormous difference that it is difficult to ignore.
A large observational study of 2,227 NVAMD patients with anti-VEGF treatment in clinical practice found that patients received a mean of 5.0 and 2.2 injections in the first and second year and mean improvement in visual acuity score was +2.4 letters at year 1 and +0.6 letters at year 2 (47) . The number of anti-VEGF injections administered was much lower than in clinical trials and visual outcome was far inferior. Concern that frequent anti-VEGF injections may lead to retinal atrophy may be contributing to insufficient treatment and poor outcomes in clinical practice and it is important to allay the fears of clinicians and raise awareness of potential hazards of insufficient treatment. New approaches to achieve sustained suppression of VEGF are being tested including implantation of a refillable reservoir that slowly releases ranibizumab into the eye (ClinicalTrials.gov identifier: NCT02510794) and gene transfer to express VEGFneutralizing proteins in the eye (48) , and they should provide more information regarding the effect of sustained suppression of VEGF on retinal function. Subretinal injection of adeno-associated virus (AAV) vectors expressing a VEGF-binding protein will be a particularly stringent test, because AAV vectors cause high-level transgene expression in RPE cells and when the transgene is a potent VEGF-binding protein, it is conceivable that this could mimic genetic deletion of VEGF. While the current study does not guarantee safety of highly efficient knockdown of VEGF in RPE cells, it should reduce fear of direct damage to retinal neurons from VEGF suppression, eliminate concerns of retinal atrophy from intravitreous injections of VEGF, and encourage clinicians to treat patients with NVAMD by aggressive suppression of VEGF.
Methods
Testing effects of anti-VEGFR2 in rats. Brown Norway rats were obtained from Charles River Laboratories. To test whether suppression of VEGFR2 causes reduced photoreceptor cell function and death, 3 intraocular injections a week apart of 40 μg of an antibody directed against human VEGFR2 that cross-reacts with rat VEGFR2 (anti-KDR B1A1, Kadmon Corporation) were given in one eye and 40 μg of control IgG (EquitecBio Inc., SLH56-0001) was injected in the fellow eye of Brown Norway rats. One week after the third injection of anti-VEGFR2, ERGs were recorded. The next day, fundus photographs and OCT scans were done and rats were euthanized for measurement of ONL thickness.
In order to assess the effect of suppression of VEGFR2 on choroidal NV, Brown Norway rats were anesthetized, pupils were dilated with 1% tropicamide (Alcon Laboratories Inc.), and Bruch's membrane was ruptured at the 3, 6, 9, and 12 o'clock positions of the posterior pole (100-μm spot size, 0.1-second duration, 120 mW) using the slit lamp delivery system of a 532-nm diode OcuLight GL Photocoagulator (Iridex) and a handheld cover slide as a contact lens. Rats then had intraocular injection of 20 μg anti-VEGFR2 or control IgG, 20 μg of the VEGF-neutralizing protein aflibercept (Regeneron), or PBS. After 14 days, rats were euthanized, eyes were removed, retinas were dissected, and eye cups, consisting of RPE, choroid, and sclera were stained with FITC-labeled GSA lectin, and flat-mounted. Flat mounts were examined by fluorescence microscopy, and the area of choroidal NV at each Bruch's membrane rupture site was measured by image analysis with Image-Pro Plus software (Media Cybernetics) by an observer masked with respect to experimental groups.
Testing effects of VEGF and VEGF suppression in mice with inherited retinal degeneration. Rd10 mice with inherited retinal degeneration were obtained from Jackson Labs. They were given an intraocular injection of 100 ng of VEGF 165 (R&D Systems) or PBS on P14, P21, P28, P35, or a subcutaneous injection of 5 μg of the VEGFR tyrosine kinase inhibitor SU4312 (Sigma-Aldrich) or vehicle every 5 days starting at P14. Fundus photographs and ERGs were done at P35 and then mice were euthanized, eyes were removed, retinas were dissected, and immunoblots for rhodopsin kinase were done on retinal homogenates.
Testing for oxidative damage and photoreceptor cell degeneration in rho/VEGF mice with type 3 choroidal NV. The generation and characterization of transgenic mice in which the rhodopsin promoter drives expression of VEGF in photoreceptors (rho/VEGF mice) have been described (7, 30) . Untreated rho/ VEGF mice and wild-type C57BL/6J mice and those treated with 7 mg/ml NAC (Sigma-Aldrich) in drinking water starting at P14 were euthanized at P14, P21, P28, and P56 (n = 10 for each time point). This dose of NAC was selected because it had previously been demonstrated to effectively suppress oxidative damage in the retina (34) . One eye was used to measure carbonyl content on retinal proteins by ELISA and the other eye was used for immunohistochemistry for HNE or 3-nitrotyrosine. Another group of rho/VEGF mice were given 7 mg/ml NAC in drinking water or were treated with subcutaneous injections of 5 μg of SU4312 or vehicle every 5 days starting at P14. At P35, fundus photos were taken to assess for retinal atrophy and then immunoblots for rhodopsin kinase and actin were done on retinal homogenates.
ERG recordings. ERGs were recorded with an Espion ERG Diagnosys machine (Diagnosys) as previously described (49) . Briefly, rats or mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (5 mg/kg), placed on a pad heated to 39°C, pupils were dilated, and platinum loop electrodes were placed on each cornea after application of gonioscopic prism solution (Alcon Laboratories Inc.). A reference electrode was placed subcutaneously in the anterior scalp between the eyes and a ground electrode was inserted into the base of the tail. The head was held in a standardized position in a ganzfeld bowl illuminator that ensured equal illumination of the eyes. For scotopic recordings, animals were dark adapted overnight and ERG waveforms were recorded at 11 flash intensities (-4, -2.5, -2.2, -1.79, -1.39, -1, -0.6, -0.39, -0.20, 1.0, 1.39 log cd⋅s/m 2 ). For each flash intensity, 5 readings were taken and averaged. For photopic ERGs, animals were adapted for 7 minutes to a background of white light at an intensity of 30 cdm 2 and ERG wave forms were recorded after light flashes at 3 intensities (0.6, 1.0, 1.39 log cd⋅s/m 2 ). For each flash intensity, 5 readings were taken and averaged. Fundus photographs and OCT. Fundus photographs were obtained with a Micron III Retinal Imaging Microscope (Phoenix Research Laboratories Inc.). The area of retinal atrophy per total area of retina was measured on fundus photographs of rho/VEGF mice by image analysis with Image-Pro Plus software with the investigator masked with respect to treatment group. OCT was done using a Bioptigen SD-OCT ophthalmic imaging system XHR 4110 (Leica Microsystems Inc.).
Measurement of ONL thickness. The thickness of the ONL, which correlates with rod cell number in the retina, was measured as previously described (50) . Mice were euthanized, a mark was placed at 12:00 at the corneal limbus, and eyes were removed and frozen in optimum cutting temperature embedding compound (Miles Diagnostics). Ten-micrometer frozen sections were cut parallel to 12:00 meridian through the optic nerve and fixed in 4% paraformaldehyde. The sections were stained with hematoxylin, examined with an Axioskop microscope (Zeiss) and digital images obtained. Image-Pro Plus software was used to outline the ONL. With the observer masked with respect to treatment group, ONL thickness was measured at 6 locations, 25% (S1), 50% (S2), and 75% (S3) of the distance between the superior pole and the optic nerve and 25% (I1), 50% (I2), and 75% (I3) of the distance between the inferior pole and the optic nerve.
Measurement of cone cell density. Cone cell density was measured as previously described (49) . After removal of the cornea, iris, and lens, a small cut was made at 12:00 in the retina for future orientation. Eyecups were fixed in 4% paraformaldehyde for 2 hours, and then the entire retina was carefully dissected away from the RPE, severed at the optic nerve, and removed from the eye. Retinas were placed in 10% normal goat serum in PBS for 30 minutes at 23°C, incubated for 1 hour at 23°C in 1:30 rhodamineconjugated peanut agglutinin (PNA; Vector Laboratories, RL-1072) in PBS containing 1% normal goat serum, and flat-mounted with the photoreceptors facing upward. The retinas were examined with a Zeiss LSM 510 META confocal microscope with a Zeiss Plan-Apochromat 20×/0.75-N.A. objective using an excitation wavelength of 543 nm to detect rhodamine fluorescence. Retinas were examined by oil immersion with a 63×/1.4-N.A. Zeiss Plan-Apochromat objective to evaluate cone morphology in detail. Images were acquired in the frame-scan mode. The number of cones present within four 230 × 230 μm (512 × 512 pixels) squares located 0.5 mm superior, temporal, inferior, and nasal to the center of the optic nerve was determined.
Immunohistochemical staining. Ocular frozen sections (10 μm) were stained for HNE with rabbit anti-HNE (1:100, Alpha Diagnostics International, Inc., HNE11) and 3-nitrotyrosine with rabbit anti-nitrotyrosine (1:100, EMD Millipore Co., 06-284) as previously described (33) . Briefly, frozen sections were dried at 23°C and postfixed in cold acetone for 15 minutes. Sections were washed with PBS and blocked with 8% normal goat serum in PBS for 1 hour at 23°C. The sections were incubated overnight at 4°C with one of the above primary antibodies and costained with FITC-labeled GSA (Vector Laboratories, FL-1201). After washing 3 times with PBS/0.05% Tween 20, sections were incubated for 1 hour at 23°C with a fluorescently labeled secondary antibody. After washing 3 times, slides were counterstained for 3 minutes at 23°C with the nuclear dye Hoechst 33258 (1:1,200; Sigma-Aldrich). Slides were examined by fluorescence microscopy and images were obtained using the same exposure time for each section.
Immunoblots for rhodopsin kinase. At P56, mice were euthanized, retinas were dissected from each eye and homogenized in 150 μl lysis buffer (Abcam) followed by high-speed centrifugation (16,000 g, 15 minutes). Supernatants were collected in prechilled Eppendorf tubes. Total protein concentrations were determined using the BCA protein assay kit (Bio-Rad) and samples containing 2 μg protein in loading buffer were resolved by 4%-12% Nu-polyacrylamide gel electrophoresis (Invitrogen) and transferred to polyvinylidene difluoride (PVDF) membranes (Invitrogen) and blocked with 5% blocker milk. Membranes were probed with anti-GRK1 antibody (1:1,000; Abcam, Ab108502) or actin (1:2,000; Cell Signaling Technology, 4970) overnight at 4°C. HRP-conjugated goat anti-rabbit antibody (1:10,000; Invitrogen, A27036) was added followed by incubation in SuperSignal West Dura Extended Duration Substrate (ThermoFisher Scientific), and Western blots were imaged and analyzed with a Bio-Rad imaging system.
Measurement of carbonyl content on retinal proteins by ELISA. Retinal homogenates in 10 mM Tris, pH 7.2/0.5% Triton X-100/50 mM NaCl/1 mM EDTA with a proteinase inhibitor mixture tablet (Roche) were centrifuged at 16,000 g for 10 minutes at 4°C. Protein concentrations of supernatants were determined using the BCA kit. Samples were adjusted to 4 mg protein/ml, and protein carbonyl content was measured using an OxiSelect Protein Carbonyl ELISA Kit (Cell Biolabs Inc.).
Statistics. In experiments in which a single experimental group was compared to a single control group, statistical comparisons were made by unpaired Student's t test. In experiments in which multiple experimental groups were compared to a control group or there were comparisons among multiple experimental groups, comparisons were made by ANOVA with Bonferroni's correction for multiple comparisons.
Study approval. All studies involving rats or mice were approved by the Animal Care and Use Committee of Johns Hopkins University and conformed to the recommendations of the Association for Research in Vision and Ophthalmology and the US NIH Guide for the Care and Use of Laboratory Animals.
